Introduction
The relationship between economic development and environmental quality is the subject of a long-standing debate. About thirty years ago a number of respected scholars, mostly social and physical scientists, attracted the public attention to the growing concern that the economic expansion of the world economy will cause irreparable damage to our planet. In the famous volume The Limits to Growth (Meadows, Meadows, Randers, and Behrens, 1972) , the members of the Club of Rome ventilated the necessity that, in order to save the environment and even the economic activity from itself, economic growth cease and the world make a transition to a steady-state economy (see Ekins, 2000 , for a more thorough discussion of this position).
In the last decade there has prevailed the economists' fundamental view about the relationship between economic growth and environmental quality: increase in the former does not necessarily mean deterioration of the latter; in current jargon, a de-coupling or de-linking is possible, at least after certain levels of income. This is the basic tenet at the heart of the socalled Environmental Kuznets Curve (EKC henceforth), the single most investigated topic in applied environmental economics.
About a decade ago a spat of initial influential econometric studies (Shafik and Bandyopadhyay, 1992; Grossman and Krueger, 1993, 1995; Panayotou, 1993; Shafik, 1994; Selden and Song, 1994) identified, mostly in the case of local air and water pollutants, a bell shaped curve of pollution plotted against GDP. This behavior implies that, starting from low per capita income levels, per capita emissions or concentrations tend to increase but at a slower pace. After a certain level of income (which typically differs across pollutants) -the "turning point" -emissions or concentrations start to decline as income further increases. It must be said that in the case of global pollutants like CO 2 the evidence however is less clearcut.
Although many authors rightly warn against the non-structural nature of the relationship, if supported by the data, the inverted-U shape of the curve contains a powerful message: GDP is both the cause and the cure of the environmental problem. However, being based on no firm theoretical basis, the EKC is ill-suited for drawing policy implications. The inverted-U relationship between economic growth and the environment cannot be simply exported to different institutional contexts, to different countries with different degrees of economic development, not even to different pollutants. Particularly in the case of CO 2 3 emissions extreme caution and careful scrutiny are necessary. Indeed, the global nature of this pollutant and its crucial role as a major determinant of the greenhouse effect attribute to the analysis of the CO 2 emissions-income relationship special interest.
Much has been written on the growth-environment nexus and on the EKC. The literature has been mushrooming in the last decade and literature surveys are already numerous. Our updated list of overviews includes: Stern, Common, and Barbier (1996) , Ekins (1997) , Stern (1998) , Stagl (1999) , Panayotou (2000) , de Bruyn (2000) , Ekins (2000) , Borghesi (2001) , Dasgupta, Laplante, Wang, and Wheeler (2002) , Levinson (2002) , Harbaugh, Levinson, and Molloy Wilson (2002) , Hill and Magnani (2002) , Galeotti (2003) , Yandle, Bhattarai, and Vijayaraghavan (2004) . These papers all summarize the abundant empirical work done on the EKC.
Econometric analyses of the environment-growth relationship have been carried out for several measures of pollution over time and across countries.
1 Our reading of this literature distinguishes two phases. The first phase can be defined as that of enthusiasm, when the notion of EKC is essentially taken for granted, goes unquestioned. The efforts are concentrated on verifying the shape of the relationship, measuring the income value of the turning point(s), extending the investigation to other pollutants. The second phase witnesses the quest for robustness. The EKC is assessed and tested in various directions, including alternative functional forms, different econometric methods, inclusion of additional explanatory variables.
In the last couple of years the EKC has come under a more fundamental attack. One criticism involves the common practice of estimating the EKC on the basis of panel data with the implied homogeneity in the slope/income coefficients across individual units (countries, states, provinces, cities). A second aspect concerns the need to parametrize the EKC relationship prior to estimation. It is clear that any test on the shape of the EKC or any calculation of turning points are all conditional on the specific parametrization chosen. One way to overcome this problem is to use parametrizations as flexible as possible, another one is to use nonparametric or semiparametric regression techniques. But the most fundamental 4 criticism refers to the stationarity of the variables involved in EKC regressions. According to the theory of integrated time series it is well known that nonstationary series may or may not produce linear combinations that are stationary. If not, all inference on the EKC leads misleading results. Thus, even before assessing the shape or other features of the estimated EKC, the researcher should make sure that pollutant and income, if nonstationary, are cointegrated. It is therefore necessary to run tests of integration and cointegration to guarantee the existence of a well-defined EKC prior to any subsequent step. The evidence of panel integration/cointegration tests -a recent development in the econometrics literature -appears to lead to the conclusion that the EKC is a very fragile concept.
This paper takes up this last and more fundamental difficulty in the current EKC econometric practice. In particular it is noted that the aforementioned stationarity tests are the standard ones (though in a panel context) where the order of integration of time series is allowed to take on only integer values. So, for instance, a linear combination between pollutant and income gives rise (does not give rise) to a valid EKC only if it is integrated of order zero (one). As a matter of fact, recent progress in econometrics has led to the formulation of the notion and tests of fractional integration and cointegration according to which the order of integration of a series needs not be an integer. The consequence of this fact is that there is a continuum of possibilities for time series to cointegrate -and therefore for the existence of EKCs -thus overcoming the zero-one divide.
In More recently, a large, second wave of studies has instead concentrated on the robustness of the previous empirical practice and criticized, from various standpoints, the previous work and findings. 2 The most recurrent criticism is the omission of relevant explanatory variables in the basic relationship. Thus, besides income and time trend, we ought to include trade because of the so-called "pollution heaven" or "environmental dumping"
hypothesis (Hettige, Lucas, and Wheeler, 1992; Kaufmann, Davidsdottir, Garnham, and Pauly, 1998; Suri and Chapman, 1998) , energy prices to account for the intensity of use of raw materials (de Bruyn, van den Bergh, and Opschoor, 1998) , and a host of other variables if we care about political economy considerations due to the public good nature of the 6 environment (Torras and Boyce, 1998) . In addition, allowance should be made for changes in either the sectoral structure of production or the consumption mix (Rothman, 1998; Hettige, Mani, and Wheeler, 2000) or for the distinction, when data permit, between polluting activity and pollution intensity which, when related to GDP, work in opposite directions (Hilton and Levinson, 1998) . A few studies check the robustness of the approach to alternative or more comprehensive datasets (Harbaugh, Levinson, and Molloy Wilson, 2002; Galeotti and Lanza, 2005) .
By and large investigations in this literature are conducted on a panel data set of individual countries around the world. As for the data, those for CO 2 emissions almost invariably have come from a single source, namely the Oak Ridge National Laboratory, while for most of the other pollutants the GEMS data set is employed.
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The functional relationship takes typically either a linear or a log-linear functional form, with a number of studies considering both. Finally, due to the almost complete coverage of world countries, the estimation technique is typically the least square dummy variable method, allowing for both fixed country and time effects.
Particularly the last two aspect of the usual EKC econometric practice have been the subject of further scrutiny in recent contributions. A first criticism is that of "income determinism" of empirical EKCs which implicitly hold that the experience of a country is equal to that of all others (Unruh and Moomaw, 1998 Azomahu and Van Phu, 2001; Millimet, List, and Stengos, 2003; Bertinelli and Strobl, 2004; Vollebergh, Dijkgraaf, Melenberg, 2005) or a flexible parametric approach (Schmalensee, Stoker, and Judson, 1998; Dijkgraaf and Vollebergh, 2001; Galeotti and Lanza, 2005; Galeotti, Lanza, and Pauli, 2005) .
The most recent line of investigation criticizes the Environmental Kuznets Curve on more fundamental grounds. The attack to the very concept of EKC is brought by Stern in a series of papers (Stern, Common, and Barbier, 1996; Stern, 1998 Stern, , 2004 proposed, among others, by Maddala and Wu (1999) . The LL test considers the following regression model:
where w it represents a vector of determinist components (e.g. individual effects, time effects, Each test does not reject the null hypothesis of a unit root in the logarithmic transformation of per capita CO 2 for 3 of 4 different specifications of the deterministic components (see Table 3 ). The next step is to check whether the logarithmic transformation of per capita GDP and its second and third powers are I(1) variables. As before, the LL and IPS statistics find that the series ln(GDP/POP), [ln(GDP/POP)] A relationship among I(1) variables is not statistically reliable unless the I(1) variables are cointegrated. This well-known econometric caveat implies that the ECK specification (1) 7 Country-specific descriptive statistics on per capita CO 2 and GDP are reported in Tables 1 and 2. 11 has no statistical and economic meaning unless a stationary linear relationship holds among the log of per capita CO2 and the log of per capita GDP and its second and third powers. We have empirically checked the existence of cointegration in our panel using the seven statistics introduced by Pedroni (1999) on the two classical quadratic and cubic formulations of EKC, which correspond to 3 0 β = and 3 0 β ≠ in model (1). As in the case of panel integration, the cointegration tests are calculated for different specifications of the deterministic components in the cointegrating relationship. The empirical results for the quadratic EKC are reported in Table 7 . From a simple inspection of the table, it is clear that the presence of cointegration, and thus the existence of a meaningful ECK, crucially depends on the particular test chosen and the specification of the deterministic components in the test regression (a total of 28 different combinations). Polar cases are represented by the group-mean ρ-statistic, according to which cointegration is never present in the data, and the group-mean t-statistic, which always concludes in favour of cointegration. Overall, the results are mixed, with 12 cases of 28 (43%) suggesting the existence of a quadratic EKC relationship. The same comments apply to the empirical findings about the presence of a cubic ECK, which are presented in Table 8 . In this case the results are only slightly more favourable to panel cointegration (13 cases of 28, i.e. 46%).
We have further investigated the robustness of the notion of EKC by estimating the quadratic and cubic EKC for each country separately as well as in a pooled panel with the Fully Modified OLS (FMOLS) estimator described in Pedroni (2000) . Tables 9 and 10 The combination of the results obtained by testing for panel cointegration with the findings of FMOLS estimation suggest that further empirical investigation is needed in order to draw any conclusion about the meaningfulness of the notion of EKC.
Tests of Panel Fractional Integration and Fractional Cointegration
In Section 3 it is noted that the aforementioned unit root tests are the standard ones (though in a panel context) where the order of integration of time series is allowed to take on only integer values. So, for instance, a linear combination between pollutant and income gives rise (does not give rise) to a valid EKC only if it is integrated of order zero (one). As a matter of fact, recent progress in econometrics has led to the formulation of the notion and tests of fractional integration and cointegration, according to which the order of integration of a series needs not be an integer. The consequence of this fact is that there is a continuum of possibilities for time series to cointegrate -and therefore for the existence of EKCs -thus overcoming the zero-one divide.
We have already defined an I(d) time series z t as a series which needs to be differenciated d times in order to be stationary, or
, where L is the lag operator (Lx t =x t-1 ). If we allow d to be any real value, the polynomial in L can be expanded infinitely as:
If d=0 in expression (3), z t is stationary and possesses "short memory", since its autocorrelations die away very rapidly. If 0<d<1/2, z t is still stationary, however its autocorrelations take more time to vanish. When 1/2≤d<1, z t is no longer stationary, but it is still mean reverting, that is shocks to the series tend to disappear in the long-run. Finally, if d≥1, z t is nonstationary and non-mean reverting (Gil-Alana, 2006 
where u t is a classical error process and the parameters ϕ j , j=1,2,..., are subject to the restrictions:
Moreover, although they are always numerically different from zero, the parameters ϕ j become very small quite rapidly. This means that the fractionally differencing parameter d can be estimated from model (4) using nonlinear least squares and a relatively small value of j.
The notion of cointegration has been recently extended to fractional cointegration (Cheung and Lai, 1993; Baillie and Bollerslev, 1994; Jeganathan, 1999; Davidson, 2002; Caporale and Gil-Alana, 2004; Robinson and Iacone, 2005) . (1/ 2) (1 )
where the variable z it is equal, in turn, to ln( Table 13 . For all countries the slope parameters are statistically significant, with the exception of New Zealand (α and β 1 not significant, β 2 significant at 10%). The table provides also the computation of the so-called "turning points", i.e. the level of income which corresponds to CO 2 decline as income further increases. and 13). With respect to the quadratic specification, per capita CO 2 emissions in Ireland are increasing at an increasing rate. As in the quadratic case, the cubic EKC for UK is suggesting that this country has started the reduction of per capita CO 2 emission quite early, although, in contrast with the predictions of the quadratic EKC, it is now experiencing decreasing rates of per capita CO 2 reductions.
To summarize, the concepts of panel fractional integration and cointegration that we have introduced in this paper extend the notion of EKC, in that they introduce more flexibility in determining the order of integration of (and the presence of cointegration among) the variables entering the classical specifications of EKC. The existence of a unit root in the log of per capita CO 2 and GDP series, in addition to the absence of a unit root in the linear combination among these variables, are pre-requisites in order for the notion of EKC to be statistically and economically meaningful. Nonetheless, our empirical analysis has pointed out that the EKC still remains a very fraglie concept.
Conclusions and Further Open Issues
In this paper we carry out tests of fractional integration and of fractional cointegration , 1994; Kobayashi and McAleer, 1999) . That is, if GDP is I(1), it is easy to show that the logarithmic transformation of GDP cannot have a unit root, the same being true for powers of GDP and of log GDP. Moreover, if GDP and POP are both I(1), nothing can be said about the order of integration of per capita GDP. Given the typical structure of the EKC specification, the importance of additional research in this area is evident. Notes. CO 2 /POP is the ratio between carbon dioxide emissions expressed in Mt (CO 2 ) and population measured in millions of units (POP); Obs = number of observations (annual data from 1960 to 2002); Mean = sample mean; Median = sample median; Min. = minimum value in the sample; Max. = maximum value in the sample; Std. Dev. = standard deviation. Notes. GDP/POP is the ratio between gross domestic product expressed in billions of PPP 1995 US dollars (GDP) and population measured in millions of units (POP); Obs = number of observations (annual data from 1960 to 2002); Mean = sample mean; Median = sample median; Min. = minimum value in the sample; Max. = maximum value in the sample; Std. Dev. = standard deviation. Levin and Lin (1992, 1993) ; IPS indicates Im, Pesaran and Shin (2003); all test statistics have a standard Normal distribution, after appropriate scaling; LL and IPS tests are calculated using the RATS procedure PANCOINT.SRC and RATS (2004); * (**) indicates a rejection of the null hypothesis of a unit root at the 5% (1%) statistical level; each test is computed using four different specifications: i) no trend, no time dummies (Model I); ii) trend, no time dummies (Model II); iii) no trend, time dummies (Model III); iv) trend, time dummies (Model IV). Notes. GDP/POP is the ratio between gross domestic product expressed in billions of PPP US dollars (GDP) and population measured in millions of units (POP). LL refers to Levin and Lin (1992, 1993) ; IPS indicates Im, Pesaran and Shin (2003) ; all test statistics have a standard Normal distribution, after appropriate scaling; LL and IPS tests are calculated using the RATS procedure PANCOINT. SRC and RATS (2004) ; * (**) indicates a rejection of the null hypothesis of a unit root at the 5% (1%) statistical level; each test is computed using four different specifications: i) no trend, no time dummies (Model I); ii) trend, no time dummies (Model II); iii) no trend, time dummies (Model III); iv) trend, time dummies (Model IV). Pedroni, 1999, pp. 665-668) ; each test is calculated using the RATS procedure PANCOINT. SRC and RATS (2004) ; * (**) indicates a rejection of the null hypothesis of a unit root (no cointegration) at the 5% (1%) statistical level; each test is computed using four different specifications: i) no trend, no time dummies (Model I); ii) trend, no time dummies (Model II); iii) no trend, time dummies (Model III); iv) trend, time dummies (Model IV). 
; estimates of the turning points are computed as Graph a. In sample Graph b. Out of sample Notes to Figures 1-3 . Fitted lnCO2pc is the estimated value of ln(CO2/POP) from a given EKC specification; lnGDPpc=ln(GDP/POP); "In sample" indicates that the values of lnGDPpc reported on the x-axis are observed; "Out of sample" indicates that the estimated EKC curve is plotted against values of lnGDPpc which are observed only partially. Graph a. In sample Graph b. Out of sample Notes to . Fitted lnCO2pc is the estimated value of ln(CO2/POP) from a given EKC specification; lnGDPpc=ln(GDP/POP); "In sample" indicates that the values of lnGDPpc reported on the x-axis are observed; "Out of sample" indicates that the estimated EKC curve is plotted against values of lnGDPpc which are observed only partially. Graph a. In sample Graph b. Out of sample Notes to Figures 13-15 . Fitted lnCO2pc is the estimated value of ln(CO2/POP) from a given EKC specification; lnGDPpc=ln(GDP/POP); "In sample" indicates that the values of lnGDPpc reported on the x-axis are observed; "Out of sample" indicates that the estimated EKC curve is plotted against values of lnGDPpc which are observed only partially.
